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Abatrac  t 

-Soma  cloae-in  detonation  teata  conducted  in 
the  FRG  are  deacribed  and  methoda  to  deter¬ 
mine  the  loading  cauaed  by  blaat  and  frag¬ 
mentation  are  mentioned.  After  eatabliahing 
the  load  the  local  damage  effacta  are  ex¬ 
plained  theoretically.  The  problem  of  de¬ 
termining  the  blaat  load  cauaed  by  caaed 
cylindrical  chargea  aa  well  aa  the  ques- 
tion  of  preaaure  wevea  cauaed  by  fragmen¬ 
tation  ia  mentioned.  Finally  the  queation 
of  acaling  fragmentation  effacta  ia  con- 
aidered. 


1.  Introduction 

Late  in  1981  and  in  aummer  1982  Federal 
Armed  Forcea  Office  for  Studiea  and  Exer- 
ciaea  -  Special  Infraatructure  Taaka  Divi- 
aioa  -  did  aome  experimental  work  concer¬ 
ning  upgrading  of  underreinforced  concrete 
walla  of  aemihardeaed  atructurea  againat  a 
given  threat  (Ref.  5  aad  6).  Thia  teat  se- 
riea  aeema  to  be  a  good  experimeatal  baee- 
line  for  the  aubject  I  am  going  to  deal 
with.  However,  I  am  not  going  to  talk  about 
the  different  upgrading  ayatema  we  teated 
aad  we  finally  recoananded.  Thia  can  be 
taken  from  the  refereacea  given  above.  But 
what  aakea  thia  aeriea  ao  important  for  ua 
ia  the  fact  that  we  have  been  forced  to 
identify  the  damage  mechaaiaa  againat  which 
we  tried  to  provide  protection.  Thua,  I  aa 
going  to  preaent  the  teata  performed  on  walla 
without  upgrading  only,  totalling  6  ahota 
out  of  about  25.  5  of  thoae  6  ahota  were 
acaled  teata  aad  4  of  the  6  ahota  were  con¬ 
ducted  with  a  caaed  weapan. 

One  of  the  atructurea  which  waa  teated  ia 
ahowa  ia  Fig.  1.  The  clear  height  of  the 
wall  waa  1.75  a*  The  percentage  of  the  ver¬ 
tical  reiaforceaeat  waa  0.085$  for  walla  No. 

5  and  4  and  0.17$  for  walla  No.  1  aad  2  with 
a  steel  quality  of  500/550  N/an2  aad  420/500 
N/nn2  reapectively ,  according  to  Geraan 
Standarda.  The  concrete  coapreaaive  atreagth 
waa  about  25N/as?  for  the  firat  teat  aad 
40N/aa2  for  the  other  teata. 


2.  Brief  Deacription  of  the  Testa 

Fig.  2  ahowa  a  test  with  26.6  kg  C4.  Uaiag  an 
equivalent  weight  factor  of  1.3  the  scaled 
diatance  was  0.46a/kg'|/3.  As  it  can  be  seen 
the  wall  waa  breached  over  an  area  of  about 
1.5  ■  width  aad  60  ca  height.  The  first 
spalling  layer  waa  about  10  to  12  ca  thick. 

Fig.  3  shows  another  test  with  an  uncaaed 
weapon.  In  thia  case  30  kg  TNT  were  used.  Thia 
results  in  a  scaled  distance  of  0.48a/kgV3. 
Besides  a  scabbing  crater  on  the  outaide  and 
sone  saaller  cracks  on  the  inside  no  further 
damage  waa  observed. 

Fig.  4  shows  a  test  with  a  caaed  weapon.  In 
this  case  the  charge  weight  was  the  aaae  as  in 
test  No.  2.  The  difference  in  result  is  signi¬ 
ficant.  However,  it  should  be  considered  that 
the  casing  had  a  square  cross  section.  The 
wall  was  breached  over  aa  area  of  about  2.10  a 
width  and  60  ca  height. 

Fig.  5  ahowa  a  test  siailar  to  test  No.  3* 
However,  in  this  case  the  casing  had  a  circu¬ 
lar  cross  section  and  the  explosive  consisted 
of  26.6.  kg  PETN.  Using  an  equivalent  weight 
factor  of  1.3  the  scaled  distance  was  the  sane 
as  in  shot  No.  1.  The  wall  was  also  breached. 
The  reason  for  not  obtaining  a  clearly  locali¬ 
zed  breach  night  be  that  the  wall  acted  like  a 
cantelever  because  of  the  fact  that  the  en¬ 
trance  opening  was  a  weak  point  in  the  load- 
bearing  aysten.  The  spalling  layer  had  a 
thicknesa  of  about  10  ca. 

Fig.  6  shows  the  result  of  the  sane  test  with 
a  saaller  weapon.  The  charge  weight  was  5*5  kg 
PETN.  With  this  the  scaled  distance  became 
about  0.46  m/kgV3.  The  daaage  was  a  United 
spall  down  to  a  depth  of  about  15  ca.  The 
spalling  layers  had  a  thiekness  of  about  7  ca. 
The  area  of  daaage  was  about  60  ca  wide  aad 
40  ca  high. 

Fig.  7  shows  the  result  of  a  full  acale  test 
with  a  MK83.  The  charge  weight  was  202  kg 
Tritonal  which  results  in  a  scaled  distance  - 
using  1.0  as  equivalent  weight  factor  -  of 
about  0.51  aAs1^*  The  daaage  was  a  limited 
spall  down  to  a  depth  of  about  10  ca  within 
an  area  of  about  2.5  ■  by  40  ca. 
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Table  1  gives  a  summary  of  the  test  data. 

Aa  all  testa  showed  nore  local  effects  than 
overall  reaction  I  aa  going  to  deal  with  the 
local  daaage  oily. 

3.  Theories 

t.1  Loading  of  the  Wall 

A  coaparison  of  testa  No.  2  and  No.  3  (though 
with  a  square  casing)  and  No.  4  proves  that 
the  contribution  to  the  total  load  applied 
to  the  wall  by  f ragaentation  cannot  be  neg¬ 
lected.  Changing  one  paraaeter  only  -  i.e. 
adding  a  case  -  the  daaage  to  the  wall  in¬ 
creases  froa  alaost  no  daaage  oa  the  inside 
to  a  total  breach  of  the  wall. 

The  ease  fact  was  also  determined  in  Ref.  2. 
Fig.  8  shows  a  suaaary  of  the  work  which  was 
done  for  that  report  and  shows  a  comparison 
of  the  extent  of  daaage  for  cased  and  unca¬ 
sed  charges.  Using  this  graph  thare  is  a 
fairly  good  agreenent  with  the  results.  On¬ 
ly  the  full-scale  test  (No.  6)  and  the  test 
using  C4  (No.  1)  do  not  Batch.  Test  No.  6 
should  have  yielded  a  breach  instead  of 
spalling.  However,  the  deviation  is  not  too 
drastic.  The  result  of  test  No.  1  does  not 
match  at  all.  According  to  the  graph  the 
result  should  have  been  spalling  only;  in¬ 
stead  we  got  a  breach. 

It  should  be  noted  that  this  graph  is  stric¬ 
tly  based  on  test  results  and  thus  certain 
limitations  have  to  be  observed.  No  varia¬ 
tion  of  e.g.  concrete  quality,  percentage 
of  reinforceaent ,  casing  thickness  etc.  is 
considered.  However,  the  tendency  of  an  in¬ 
creased  damage  when  having  fragmentation  is 
also  shown  by  this  graph. 

Thus,  the  conclusion  is  that  for  further 
calculations  a  combined  loading  caused  by 
blast  an  well  as  by  fragmentation  has  to  be 
considered . 

3.2  Pressure-Time  History  for  a  Cylindrical 
Charge 

Due  to  the  lack  of  reliable  data  to  calculate 
the  pressure-time  history  for  cylindrical 
charges  one  has  to  use  other  procedures.  One 
possibility  sight  be  to  use  the  graphs  for 
hemispherical  charges  -  e.g.  Ref.  7  -  which 
give  fairly  good  results.  However,  as  it  will 
be  shown  later  on  it  is  important  to  have  a 
good  description  of  the  pressure  with  res¬ 
pect  to  the  time. 

An  extended  research  work  concerning  this 
topic  was  performed  in  Germany  and  is  des¬ 
cribed  in  Ref.  8.  However,  Borne  of  the  con- 
clucione  -  especially  the  recommended  tables- 
are  partially  misleading.  Therefore  they  have 
to  be  revised  which  will  be  done  within  the 
next  couple  of  months.  In  addition  to  this 
some  work  will  be  done  to  compare  cased  and 
uncased  cylindrical  charges. 

As  there  is  no  further  theoretical  or  expe¬ 
rimental  work  available  to  my  knowledge,  one 
has  to  rely  on  these  experimental  data.  How¬ 
ever,  very  little  data  are  available  for  the 
weapon/structure  configuration  considered  in 


this  paper,  i.e.  a  scaled  distance  of  about. 

0.5  m/kg1/3  (1. Oft/lb1/?). 

The  problem  of  measuring  data  within  this 
range  ie  that  we  are  still  in  the  region  of 
the  fire  ball  and  in  addition  -  if  fragnenta- 
tion  is  involved  -  very  heavy  daaage  is  to  be 
expected  especially  to  the  gage6  directly 
oppoaite  the  charge  on  the  wall. 

Because  of  all  those  difficulties  I  an  going 
to  use  a  modified  experimental  pressure- t iae 
history  using  a  free  field  neasureaent  and 
multiplying  it  by  the  reflection  factor  re¬ 
commended  in  Ref.  7. 

A  suaaary  of  all  pressure  data  used  for  fur¬ 
ther  consideration  is  given  in  Fig.  9.  Ref.  3 
shows  that  there  is  alnoet  no  difference  bet¬ 
ween  an  exponential  and  a  triangular  type  of 
pressure  distribution  if  spalling  is  concer¬ 
ned.  Thus,  for  further  calculations  the  trian¬ 
gular  pressure  pulse  -  as  shown  in  Fig.  9  with 
dotted  lines  -  is  used. 

3.3  Load  by  Fragmentation 

In  addition  to  the  blast  load  the  fragmenta¬ 
tion  contributes  a  considerable  portion  to 
the  total  load  applied  to  the  wall.  The  aoet 
appropriate  way  available  at  this  time  to  cal¬ 
culate  this  load  seeas  to  be  the  one  described 
in  Ref.  1  which  is  supposed  to  be  a  revised 
version  of  the  corresponding  chapters  in  Ref. 

7.  However,  soae  research  work  is  under  pro¬ 
gress  in  Germany  to  investigate  the  loading 
caused  by  fragmentation.  But,  because  it  is 
very  difficult  to  find  an  answer  due  to  the 
influence  of  statistical  effects  and  the 
question  of  scaling  fragmentation  this  investi¬ 
gation  may  very  well  take  a  long  tine. 

Thus,  using  Ref.  1  we  can  calculate  the  general 
fragaeatation  parameters  like 
fragmentation  distribution, 
total  auaber  of  priaary  fragments, 
initial  velosity, 

area  of  inpact  assuming  a  certain  angle  of 
propagation. 

After  that  the  fragments  are  grouped  according 
to  their  weight.  For  each  group  we  can  calcu¬ 
late 

average  fragment  weight, 
impact  velocity, 
arrival  tiae, 

nuaber  of  fragments  hitting  the  area  consi¬ 
dered  , 

penetration  depth, 

duration  of  penetration  assuming  that  the 
fragment  is  decelerated  linearly  froa  its 
iapact  velocity  at  the  surface  to  zero  at  a 
calculated  penetration  depth, 
pressure  applied  to  the  construction  member 
resulting  from  the  penetration. 

Summarizing  all  fragmentation  groups  one  gets 
a  pressure-time  history  caused  by  fragmentation 
only. 

We  have  been  using  a  conputer  program  for  the 
procedure  described  above.  So  we  got  a  repre¬ 
sentative  prensure-tiae  history  as  shown  in 
Fig.  10. 

It  should  be  considered  that  this  load  is 
strictly  based  on  theoretical  considerations 
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and  that  it  repreaant*  a  atatiatical  average. 
However,  at  the  present  tiae  it  seeaa  to  be 
the  aost  appropriate  way  to  solve  the  problea, 
though  it  needs  to  be  verified  by  experinental 
work. 

3.4  Coabined  Iapulse 

The  coabined  pressure-tine  histories  for  tests 
No.  4,  5,  and  6  are  ahown  in  Fig.  11  and  give 
a  general  view  coaparing  both  pressure  pul- 

“n'any  case  the  blast  load  hits  the  structure 
first.  Thus,  as  it  will  be  shown  later  on  the 
fragnents  are  hitting  a  possibly  weskened 
structural  aeaber. 

It  can  also  be  seen  that  the  load  cauaed  by 
fragaentation  is  hesvily  dependent  on  the 
standoff  diatance.  Though  in  all  three  tests 
considered  in  this  chapter  the  scaled  dis¬ 
tance  -  and  with  this  the  peak  blast  pres¬ 
sure  -  is  the  sane,  the  presaure  peak  aa  well 
as  the  arrival  tiae  and  the  duration  of  the 
pressure  pulse  csused  by  fragaentation  vary 
conaiderably.  Ref.  4  gives  sons  paraneters  _ 
for  sealing  the  penetration  proceesee.  Ob¬ 
viously  in  this  case  soae  of  the  boundary 
conditioaa  are  violated.  Certainly  the  shape 
and  weight  of  the  fragaenta  vary  aa  well  aa 
the  iapact  velocity. 

More  research  work  has  to  be  done  to  investi¬ 
gate  the  problea  of  acaling  the  loading  cau¬ 
aed  by  fragaentation. 

3.5  Spalling  Meehaaisa 

The  aost  coaaon  theoretical  solution  for  cal¬ 
culating  spalling  effecta  in  described  e.g. 
in  Ref.  3.  The  principles  of  the  calcula¬ 
tions  sre  to  reflect  the  pressure  wave  after 
letting  it  travel  through  the  structural  aea- 
bert  to  the  free  i.vr.er  surface.  The  nagnitude 
of  thin  reflected  wave  -  a  tensile  wave  - 
night  be  sufficient  to  produce  fractures  near 
the  aurface.  Ref.  3  gives  a  praphical  aethod 
of  solution  as  well  ss  an  anlytical  one.  For 
a  coabined  blast-fragaentation  iapuls  it 
aight  be  aore  appropriate  to  use  the  graphical 
one. 

However,  soae  assuaptions  have  to  be  Bade  to 
aiaplify  the  calculation.  At  first,  at  the 
free  surface  noraal  reflection  will  be  con¬ 
sidered  only.  Second,  a  change  of  the  dura¬ 
tion  of  the  pressure  wave  will  be  neglected. 
Third,  a  certain  attenuation  will  be  con¬ 
sidered  which  is  assnaed  to  be  about  10*  due 
to  aaterial  properties  snd  geoaetrical  confi¬ 
gurations. 

To  calculate  the  thickness  of  the  spalling 
layer  as  well  as  the  spalling  velocity  it  is 
aecesssry  to  know  the  tensile  strength  of  the 
aaterial  of  the  structural  aeaber.  As  the  tests 
dealt  with  in  this  paper  were  conducted 
against  concrete  targets  the  dyaaaic  tensile 
strength  of  concrete  has  to  be  deterainsd. 

This  is  a  difficult  problea  because  of  the 
fact  that  concrete  ia  a  very  inhonogenoua  aa¬ 
terial.  Though  there  is  a  procedure  to  deter- 
aine  the  coacrete  teasile  strength  the  results 
are  at  least  questionable. 


Thus,  one  coaaonly  sssuaes  a  static  tensile 
strength  of  sbout  10*  of  the  coapressive 
strength.  As  shown  in  Fig.  12  -  taken  froa 
Ref.  9  -  the  dynaaic  conpresaive  strength  is 
dependent  on  the  losding  rate.  For  these  tests 
one  has  to  assuae  a  presaure  rise  tiae  which 
will  be  in  the  range  of  about  0.05  nsec.  Thus, 
based  on  a  peak  preaaure  of  about  400  bar  = 

5690  psi  the  rate  of  stresa  ia  about  10°.  With 
this,  we  are  outside  the  range  given  in  the 
graph  and  one  has  to  extrapolate.  The  increase 
of  the  static  tenaile  strength  will  be  about 
350*.  With  this  the  tensile  strength  beeones 

6"  =  0.1  •  250  •  3.5  =  8?.5kp/cn2 

c 

for  test  No#  1  and 

S'  =  0.1  •  500  •  3.5  =  175kp/ca2 
c 

for  tests  No.  2  to  6. 

However,  by  calculating  the  spalling  effects 
one  has  to  observe  that  the  liait  velocity  of 
the  concrete  is  not  exceeded.  The  aaount  of 
this  liait  velocity  is  about  15  a/sec.  If  this 
value  is  exceeded  the  coacrete  will  be  blown 
out  and  a  breach  will  be  the  result. 

4.  Application  of  the  Theory 

Assuniag  a  triangular  pressure  distribution 
within  the  wall  aa  aeationed  above  one  gets 
the  pressure  wave/structure  configuration  as 
shown  in  Fig.  13  e.g.  for  test  No-  As  can 
be  seen,  the  daaage  aechanisa  caused  by  the 
blast  wave  takes  place  first  and  after  that 
the  pressure  wave  caused  by  fragaentation  hits 
a  weakened  wall.  This  fact  explains  the  in¬ 
crease  of  daaage  by  cased  charges.  To  calcu¬ 
late  the  dimensions  of  the  pressure  wave,  i.e. 
expecially  the  length,  a  seisaic  velocity  for 
concrete  of  about  ^OC  a/sec  was  assuaed. 

With  the  foraulas  given  in  Ref.  3  one  can 
easily  calculate  the  thickness  of  the  spalling 
layers  as  well  as  their  velocities.  Because  of 
the  fact  that  the  rise  tiae  for  the  pressure 
waves  is  assuaed  to  be  zero  the  thickness  of 
the  different  spalling  layers  is  equal  and  the 
velocity  decreases  by  a  fixed  aaount  for  each 
layer.  Table  2  gives  a  general  view  of  all 
tests  csleulated.  The  results  agree  fairly 
well  with  the  test  results.  However,  in  no 
esse  the  csleulated  spalling  velocity  exceeds 
the  liait  velocity  aa  aentioned  above. 

This  table  also  shows  thst  scaling  of  fragaen¬ 
tation  effects  is  very  questionable.  Though  all 
tests  were  conducted  using  the  sane  scaled 
distance  the  peak  load  as  well  as  the  effect  of 
the  fragaentatioa  varied  considerably, 
la  a  final  step  we  have  several  possibilities 
for  calculsting  the  daaage  process  going  oa.  A 
aost  appropriate  way  is  to  consider  the  inside 
wall  reiaforceaeat  acting  as  a  nenbrane  alaost 
like  a  spall  plate.  However,  one  nain  problem 
in  considering  a  nenbrane  type  reaction  of  the 
reinforcenent  is  that  we  have  to  asauae  a  auffi 
cieat  enbedneat  length.  This  Bight  be  very 
questionable  especially  aa  in  the  tests  dealt 
with  in  this  paper  the  weapoa  was  placed  at  the 
footing  of  the  wall  which  appareatly  night  be  a 
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weak  paint  lm  the  structural  design. 
Unfortunately  the  tiae  doaa  not  allow  to  go 
into  aare  detail  concerning  this  calculation 
procedure. 

5.  Conclusion  and  Recossendationa 

To  ay  knowledge  there  is  at  present  no  better 
way  of  theoretically  solving  the  probles  of  a 
close  distance  detonation. 

However,  because  this  is  a  very  cosaon  threat 
configuration  in  standard  soaveatisaal  wea¬ 
pons  effects  design  auch  aaae  research  - 
theoretically  and  experiaentally  -  should  be 
perforaed  to  get  a  better  knowledge  in  this 
area.  Soae  work  is  under  way  e.g.  within  the 
US  Air  Force  supported  by  the  US  Aray  Water¬ 
ways  Experiaent  Station  and  we  will  have  soae 
aore  tests  within  the  next  year  in  Geraany. 

However,  it  should  be  aentioned  that,  though 
the  tests  described  in  this  paper,  produced 
considerable  daaage  in  soae  cases,  we  found 
a  very  easy-to-construct  and  cheap  aethod  to 
upgrade  the  wall  by  Beans  of  beras  or  con¬ 
crete  slabs.  The  Bain  objectives  of  those  up¬ 
grading  systeas  is  to  cut  the  peak  of  the 
blast  pressure  and  prevent  the  fragaents  froa 
hitting  the  wall  by  Beans  of  an  elastic  and 
coapreaaible  design. 
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Fig  2b  Test  Nol  -  inside  damage 


Fig  2a  Test  No  1  -  outside  damage 


Fig  3a  Test  Nu2  -  ourside  damage 


Fig  3b  Test  No2  -  inside  damage 


Figia  Test  No  3  -  outside  damage 


Fig  6a  Test  No  S  -  outside  damage 


Fig  7a  Test  No 6  -  outside  damage 


inside  damage 
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H*8  Handb  ok  of  concrete  engineering 


Pate  of  Stress  (psi  per  sec) 


Fig  12:  Fffect  of  rate  of  stressing  on  the 


conpressive  strength  f  concrete 


(taken  from  Ref  9) 


Pressurewave  /  Structure  Configuration 


